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The emergence of a ferromagnetic component in LaMnO3 with low Cr-for-Mn substitution has
been studied by x-ray absorption spectroscopy and x-ray magnetic circular dichroism at the Mn and
Cr K edges. The local magnetic moment strength for the Mn and Cr are proportional to each other
and follows the macroscopic magnetization. The net ferromagnetic components of Cr3+ and Mn3+
are found antiferromagnetically coupled. Unlike hole doping by La site substitution, the inclusion
of Cr3+ ions up to x = 0.15 does not decrease the Jahn-Teller (JT) distortion and consequently
does not significantly affect the orbital ordering. This demonstrates that the emergence of the
ferromagnetism is not related to JT weakening and likely arises from a complex orbital mixing.
PACS numbers: 75.25.-j, 78.70.Dm, 71.70.Ej, 75.30.Et
Doped manganites have been extensively studied owing to their colossal magneto resistance property and its potential
applications to magnetic devices. The substitution at the Mn site (B site in the ABO3 perovskite formula) of various
transitional metal elements dramatically modifies the magnetic and electronic properties. The variations of the
magnetic and electronic behaviors are associated with the dissimilar 3d electron configuration of the substitutions. Cr
doping at the Mn sites has attracted special attention because Cr3+ ions have the same electronic configuration t32ge
0
g
as Mn4+. As the Cr3+ ionic radius (0.615 A˚) is much closer to that of Mn3+ high spin (0.645 A˚) than Mn4+ radius
(0.530 A˚), low substitutions of Cr3+ result in changing the Mn3+ density without large distortion of the crystal cell1.
These features make the partial substitution of Mn by Cr in LaMnO3.00+δ an interesting system for studying the
close relationship between Jahn Teller (JT) distortion, double exchange (DE) and superexchange (SE) interactions
and orbital degeneracy. Since the first studies of the series LaMn1−xCrxO3 in the 1950s2,3 it is known that upon
Cr-doping the antiferromagnetic (AFM) Mott insulator LaMnO3 develops a ferromagnetic (FM) component, but
the character of the Mn3+ − Cr3+ interaction has been under debate for a long time1,2,4–16. A Mn3+-Cr3+ SE
FM coupling may account for the increasing Curie temperature and spontaneous magnetization with increasing Cr
doping4–7. On the other hand several groups proposed DE interaction between Mn3+ and Cr3+ 1,7. Cr dopants can
also be viewed as a quenched random field8,9. However direct x-ray magnetic circular dichroism experiments suggest
that the exchange interaction between Mn3+ and Cr3+ leads to a net local antiparallel coupling12–15, regardless of
the magnetic state nature of the manganite compound. This scenario is supported by spin resonance investigations16.
As far as we know, unlike A site substitution, the local distortion in Cr-substituted systems has not been the object of
a specific study. The usual view is that, in a similar way as the formal introduction of Mn4+by A site doping and/or
oxygen overstoichiometry, B site Cr3+ substitution weakens the cooperative JT distortion, and consequently affects
the orbital order and favours the onset of FM ordering. In contrast to this scenario where local site symmetrization
drives the magnetic behaviour, Zhou et al.17 recently proposed that, for Ga-substituted doped manganites, local site
distortions could bias the orbital ordering so as to make orbital mixing responsible for the 3D ferromagnetism. In order
to clarify the spin-spin interactions and ascertain the relative importance of removing a JT ion and of hole doping, we
performed coupled magnetic and local structural studies by x-ray absorption near edge spectroscopy (XANES) and x-
ray magnetic circular dichroism (XMCD) at the transition metals K-edge, in LaMn1−xCrxO3.00 with low substitution
of Mn3+ by Cr3+. We chose to study specifically the emergence of the FM component in Mn4+-free compounds, with
limited crystallographic distortions with respect to LaMnO3. This serie of compounds presents the double advantage
of avoiding additional complexity due to Mn3+ −Mn4+ and Mn4+ − Cr3+ magnetic interactions, and the mixture
of Mn3+ and Mn4+ local sites in mixed-valence compounds, and of starting from the parent compound LaMnO3.00
where the local structure is well characterized18–21. The physics studied in our paper concerns then the first steps in
ar
X
iv
:1
30
5.
64
86
v1
  [
co
nd
-m
at.
str
-el
]  
28
 M
ay
 20
13
2the substitution of Mn atoms by Cr and is relatively simple because there is no Mn4+ions and Cr3+-Cr3+ interactions
may be considered as negligible.
In this paper we show that the local magnetic moments at the Mn and Cr atoms are proportional to the ferromagnetic
component in the macroscopic magnetization, and that their alignement is always antiparallel. We found that Cr is
assimilated in the Mn network and that the Cr environment is essentially kept similar to that of Mn atoms, with no
significant reduction in the distortion, even if the Cr3+ is not a Jahn-Teller ion. This contradicts the usual guess1,9,14
and indicates that JT weakening is not responsible for the emergence of ferromagnetism, which should otherwise arise
from orbital mixing.
Polycrystalline powdered LaMn1−xCrxO3 with x= 0.05, 0.1 and 0.15 (corresponding to 5, 10 and 15% of additional
eg holes)
22,23 and LaMn0.90Cr0.10O3.04 (18% eg holes, 8% being provided by oxygen over-stoichiometry - Mn
4+
ions)24 were prepared by the liquid-mix method, using an experimental procedure elaborated to enable an accurate
control of the sample stoichiometry25. These compounds crystallize in the orthorhombic structure (Pnma). They
keep the LaMnO3 A-AFM spin structure, ie FM ordering in the ab planes and AFM between adjacents planes, but
exhibit a significant ferromagnetic component along the c axis22,23. Room temperature (RT) XANES spectra at the
Mn K edge (6539 eV) were collected in the transmission mode at the Brazilian Synchrotron Light Laboratory (LNLS)
XAS1 beamline26. To check the strict stoechiometry of our samples, a XANES reference of metal foil was collected
simultaneously. No edge shift is observed between the Mn4+-free samples and the LaMnO3 standard, within the
precision of the experiments (0.1eV). On the contrary, for the non stoichiometric LaMn0.90Cr0.10O3.04 sample, we
observe an edge shift of about 0.6 eV with respect to XANES of LaMnO3, in agreement with the increase in the
formal valence. RT XANES spectra at the Cr K edge (5989 eV) were collected at the French CRG - BM30B beamline
at the European Synchrotron Radiation Facility (ESRF) using the fluorescence mode with a 30-element Ge solid state
detector27. The energy resolution, including experimental resolution and core hole width, was about 1.5 eV at the Cr
K edge and 2 eV at the Mn K edge. The XANES spectra were normalized, after background substraction, at about
200 eV above the edge for the Mn edge and 50 eV for Cr edge. Coupled Mn and Cr K-edge XMCD measurements
were performed at the ID12 beamline at the ESRF, using the total fluorescence yield mode with a Si photodiode
detector and degree of circular polarization of the monochromatic beam of 88%. The samples were kept at 10 K and
magnetized by applying a 3 Tesla magnetic field. The temperature dependence of the Mn XMCD was studied at the
ODE dispersive beamline at the synchrotron SOLEIL, using the transmission mode and a CCD detector28. The sample
temperature was varied from 30 K to room temperature. XMCD spectra were recorded by reversing a permanent
magnet of 1.1 Tesla magnetic field and maintaining the polarization of the light, with a degree of circular polarization
around 80%. The XMCD signals resulting from several scans were added and normalized to the absorption jump.
Slight differences between the signals collected in the transmission (temperature dependent Mn K XMCD) and the
fluorescence modes (coupled 10 K XMCD at Mn and Cr K edges) arise from differences in the amplitude of the
contribution of La edge15. At the Cr K edge, specially, the signal is superimposed to a large background contribution
of the La L2 edge signal. This contribution is lower in the fluorescence mode so that the main part of the Cr K edge
XMCD data were collected in this mode. After substraction of this contribution the spectral shape is the same in
both cases and the XMCD amplitude is identical for a sample measured in the same conditions in the fluorescence
and in the transmission mode.
Due to the selection rules in X-ray absorption spectroscopy, the K edge transition originates from the core 1s state to
the projected np (mainly 4p) unoccupied density of states (DOS). X-ray absorption probes the partial-DOS modified
by the presence of the 1s core hole that sorts out the 4p states around the Mn site from the ground state band
structure. The XANES signal at the Mn K edge (figure 1) is dominated by a main line B, essentially related to
the first coordination shell, followed by structures (C and D) arising from multiple scattering events. The pre-edge
feature is formed by two peaks (P1, P2) and a shoulder (A) associated with transition from Mn 1s levels to 4p empty
levels19,21,29. XMCD at the K edge of the transition metals probes the orbital polarization of the conduction p-states,
related to the spin polarization through the spin–orbit interaction30 Consequently, the XMCD at the K edge is, in
its integral form, a measure of the orbital magnetism of the 4p shell of the transition metal probed by the x-rays.
The delocalized 4p states are coupled by exchange-interaction with the spin-polarized 3d band, which dominates the
magnetic properties of the system. Therefore theK edge XMCD intensity is proportional to the orbital magnetic
moment of the 3d bands31.
Ab initio calculations of the XANES and XMCD features were performed using the FDMNES code32. The electronic
structure around the absorbing atoms is calculated using the multiple scattering theory within the muffin-tin approxi-
mation, based on a monoelectronic approach. The absorption is convoluted to a Lorentzian with an energy dependent
width, to take into account the core and final state lifetimes and with a Gaussian to mimic the experimental energy
resolution. Calculations are performed for clusters built from crystallographic data. In the Mn edge calculations we
do not include Cr atoms in the cluster. The Cr edge XANES are calculated considering the only substitution of the Cr
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FIG. 1: XANES and XMCD (10 K, 3 Tesla) at the Mn K edge for LaMn0.9Cr0.1O3.04. The value peak b to peak b’ is taken as
a measure of the XMCD signal intensity. Top inset: XMCD signal as a function of number of eg holes. Lower inset: ab initio
calculation of the XMCD signal (dots) compared to experimental (line).
as central atom of the cluster. Cluster of 33 atoms (radius 4.5 A˚) are large enough to reproduce the XMCD features,
while clusters up to 81 atoms (radius 6.5 A˚) were required to reproduce all XANES and pre-edge features21. The
spectral shape of the XMCD signal at the Mn K edge in our samples (figure 1) changes from negative to positive
at the edge (b, b’), it shows a resonance (c) stemming from multiple scattering of magnetic nearest neighbors, and
finally a further peak (d) is observed, associated with simultaneous excitation of 3p electrons33. In the sample with
the largest XMCD signal we also identify a resonance (p) in the pre-edge range. These spectral features are retained
for all samples with only changes in the amplitudes. The XMCD amplitude is defined here by the peak to peak value
(b, b’ ), relative to the edge jump. This amplitude increases as a function of the number of holes (figure 1, upper
inset). All features are well reproduced by calculations (figure 1, lower inset), except for the peak d, confirming the
multielectronic character of this structure. A˜z´
As a first step, to relate the XMCD signal to the macroscopic magnetic properties22,23, we studied the temperature
dependence of the Mn K edge XMCD for two samples LaMn0.9Cr0.10O3.04 and LaMn0.95Cr0.15O3.00. This depen-
dence (figure 2) agrees with the ferromagnetic thermal evolution reported in these samples22,23. We observe, as in
macroscopic measurements, a small reduction in the critical temperature in LaMn0.95Cr0.15O3.00 with respect to
LaMn0.9Cr0.10O3.04 . At 30 K and 1.1 Tesla, the XMCD amplitude ratio between the two samples, ie the ratio
between magnetic moment strength at the Mn site, is about the ratio of the ferromagnetic component of the magnetic
moment found by neutron scattering.
As concerns the Cr K edge (figure 3 for the sample LaMn0.9Cr0.1O3.00), the XMCD signal is opposite to that found
at Mn K edge (figure 3, inset), suggesting an antiferromagnetic Cr-Mn coupling. However, as the K edge XMCD
measures only the orbital part of the magnetic moment, conclusions about the direction of the net moment should be
supported by calculations. The calculation at the Mn edge is made with a net positive magnetic moment (number of
spins up > number of spins down). This gives the correct shape and sign of the XMCD signal (figure 1, lower inset).
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FIG. 2: Temperature dependence (1.1 Tesla) of the Mn K edge XMCD amplitude (see text) for LaMn0.9Cr0.1O3.04 (open
circles) and LaMn0.85Cr0.15O3.00 (full circles). Inset XMCD signal of LaMn0.9Cr0.1O3.04 at selected temperatures.
At the Cr K edge, the calculations have been performed both for a net positive (number of spins up > number of
spins down) and a net negative magnetic moment (number of spins down> number of spins up). The two calculations
give the same shape but opposite signals. The Cr-XMCD signal that matches the experimental result is the one with
a net negative magnetic moment. So, we can conclude that the net magnetic moments of Mn and Cr are opposite.
The XMCD spectral shape and sign are retained for all samples with only changes in the amplitude. The coupling
has the same antiferromagnetic character regardless if Mn4+ ions are present in the samples. This demonstrates that
this coupling is essentially determined by Mn3+ − Cr3+ interactions.
We turn now to the characterization of the Cr3+ local environment. The EXAFS analysis of the Mn coordination
shell gives the same parameters for LaMnO3 and for all Mn
4+ -free (x = 0.05, 0.10 and 0.15) samples. Similar results
have been reported in Ga-substituted samples34, where a decrease of the JT distortion at the Mn sites is only observed
by EXAFS analysis for x>0.2. However, due to the high initial distortion of the Mn3+ sites in LaMnO3, the EXAFS
analysis in the low substituted range (x < 0.15) has a limited sensitivity to small relaxations of the local distortion
and this result is not conclusive. More convincing is the striking similarity between the XANES collected for the
same sample at the Cr and Mn K edges (figure 4), especially in pre-edge range (figure 4, inset). This indicates that
the Cr3+ ions in substitution in the LaMnO3 structure, adopt the same distorted local environment as the Mn
3+
ions with negligible relaxation of the oxygen positions around them. This outcome is corroborated by the comparison
(figure 5) of the Mn K edge XANES in LaMnO3 to the XANES for two samples where 10% of eg holes are introduced
either by Cr3+ substitution (LaCr0.1Mn0.9O3.0) or by oxygen overstoichiometry (LaMnO3.05). In LaMnO3.05 the
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FIG. 3: XANES and XMCD (30 K, 3 Testla) at the Cr K edge for LaMn0.9Cr0.1O3.00. Inset : XMCD signals for
LaMn0.9Cr0.1O3.00 at the Cr K edge and Mn K edge. The two energy scales have been shifted to coincide at the main
inflection point.
pre-edge structure intensity is enhanced (figure 5-a) and the edge-jump is shifted towards higher energy due to the
presence of Mn4+ ions (figure 5-b). An additional structure also emerges around 90 eV above the edge (figure 5-c).
Such structure is due to multiple scattering and corresponds to an increase of the Mn-O-Mn angle, associated with
the rupture of the orbital order19,21. These changes are the result of the symmetrization of the Mn environment
when doping with the introduction of 10% of eg holes (Mn
4+) by oxygen overstoichiometry. On the contrary, the
introduction of 10% of eg holes by Cr
3+ substitution does not change the XANES spectrum, neither in the pre-
edge and edge-jump ranges (figure 5-a,b), nor around 90 eV above the edge (figure 5-c), demonstrating that the Mn
environment remains unchanged by Cr substitution. Unlike Mn4+ , Cr3+ substitution does not significanly alters the
local site symmetry or the Mn-O-Mn superexchange angle. We conclude that the JT is not significantly weakened by
substitution of Mn3+ by Cr3+ up to 15%. This agrees with the results obtained in Ga-substituted manganites for
x=0.134 . Nevertheless, while the nonmagnetic Ga3+ ion takes no part in the magnetic interactions, this is not the
case of the magnetically active Cr3+ ion. It is worth emphasizing here that Cr3+ substitutes Mn3+, within the same
local distorted environment , and that even through it has an important role in the magnetic interactions.
In low x LaMn1−xCrxO3 compounds the Cr3+ − Cr3+ interactions can be neglected in a first approximation. In
these Mn4+-free samples the spin configuration stems only from the competition of Mn3+−Cr3+ and Mn3+−Mn3+
interactions . We should remind that in the parent compound A-AFM LaMnO3, Mn
3+ −Mn3+ interactions are
of two different natures. The Mn3+ spins are coupled ferromagnetically within ab-planes and and these planes are
coupled antiferromagnetically along the c-axis (sketched in figure 5). Our experimental results can be understood
within the scenario where the A- AFM order of LaMnO3 is maintained, but with a small FM component along the
c-axis. When Cr3+replaces one Mn3+ in the network it will also experience both type of interactions. Experimentally,
we have shown that the signs of net magnetic moment of Mn3+ and Cr3+ ions are opposite. Moreover, the Cr3+
ions are substituted to Mn3+ ions at exactly the same sites, with no shift of oxygen towards Cr3+. The Mn site
distortion, eg orbital occupancy and spin order remain essentially unmodified, with an increase of the FM component
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FIG. 4: XANES spectra at the Cr (dots) and Mn (plain line) K edges for the sample LaCr0.1Mn0.9O3.0. The energy scales
have been shifted to coincide at the first inflexion point. Inset: zoom in the pre-edge range: the dashed lines correspond to ab
initio calculations before and after convolution.
along the c axis. As the Cr3+ ion has no eg electron, hoping from the neighbouring ions- and DE mechanism- becomes
possible. Within the robust A-AFM scenario, this results in a largely frustrated spin configuration. In a possible
configuration ferromagnetic DE between Cr and Mn magnetic moments is effective within the ab-plane, but with
an antiparallel alignment of the magnetic component along the c-axis. Electron hoping along the c-axis would be
in this way less effective due to this antiparallel alignment and electrical conductivity would be highly anisotropic.
With a Cr magnetic moment aligned antiparallel to the Mn spins along the c axis, and parallel to the Mn spins
in ab planes, the net FM moment of Cr and Mn are then proportional and opposited along c axis. The highly
frustated magnetic arrangement is in agreement with the observation of Morales and coworkers22 who found, for a
same hole number, more magnetic frustration in LaMn0.9Cr0.1O3 than in LaMnO3.05. We should underline that
the emergence of FM component does not involve the same mechanism as A site substitution, where the presence of
Mn4+ decreases the cooperative JT distortion, thereby partially restoring the degenerescence of the eg orbital and
consequently weakening the orbital ordering. Our results rule out the decrease of the JT distortion as the factor
weakening the antiferromagnetic Mn3+−Mn3+ superexchange. Orbital mixing due to structural bias may likely play
the important role. In conclusion, we studied the emergence of the FM component with the inclusion of Cr3+ ions
in LaMnO3. The net magnetic moment of Cr
3+ ions is antiparallel to the moments of the Mn3+ neighbours. Up to
about 15%, Cr to Mn substitution takes place without rupture of the orbital ordering, the Cr3+ ions occupying the
Mn3+ sites without reduction of the local distortion. We ascertain that the mechanism of emergence of 3D FM is
different from the usual A site doping, when Mn4+ are formally introduced. Furthermore our results underline the
importance of local scale studies to safely characterize the spin-spin interactions in strongly correlated systems.
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